Current design tools cannot accurately predict the adsorption of proteins in microfluidic devices that handle biological liquids. A continuum model was developed to predict the transport of hardsphere particles in a liquid and the adsorption of the particles on a solid surface. Particle configurations obtained from Brownian dynamics simulations were used to calculate the activity coefficient for the continuum model. The continuum model was implemented as a boundary condition for a CFD simulation. The adsorption kinetics predicted by the continuum model matched the kinetics from the Brownian dynamics simulations, but required much less time to run. The continuum model can be extended to model the electrostatic and van der Waals interactions that drive protein adsorption.
INTRODUCTION
Microfluidic technology is increasingly being used for biomedical applications such as biosensors, lab-on-a-chip diagnostic devices and in vitro systems for tissue culture. Protein adsorption poses a serious problem for the design of microfluidic devices that contact biological liquids. The adsorption of proteins from biological liquids can mediate cell-surface interactions, cause blood to coagulate, or lead to the loss of analyte from a sample of fluid [8] .
Because there are many types of proteins with diverse structural and functional properties, currently it is not possible to make accurate predictions about protein-surface interactions from first principles. Atomic-scale simulation methods such as molecular dynamics (MD) have been used to model protein adsorption. However, MD simulations are computationally intensive and require time steps on the order of femtoseconds, while protein adsorption occurs on a scale of seconds to hours [6] . MD methods are also unsuitable for simulating continuum-scale effects such as the transport of protein in a microfluidic channel. At the other extreme, simple kinetic models such as the random sequential adsorption (RSA) model have been coupled with computational fluid dynamics (CFD) simulations to model protein adsorption in microfluidic devices. These kinetic models assume that the liquid-solid interface is two-dimensional, and thus lack the ability to make accurate predictions about the blocking effect of adsorbed protein.
The challenge of predicting protein adsorption in a microfluidic device can be solved with a multi-scale approach. Using the principles of nonlinear thermodynamics, a continuum model has been derived to model the diffusive transport and adsorption of hard spheres at a liquid-solid interface. The blocking effect of adsorbed particles was included through the activity coefficient, which is a function of the density and configuration of adsorbed particles. Since an analytical solution for the blocking effect has not been found, Brownian dynamics (BD) simulations were used to model particles diffusing to the surface and adsorbing on it. Particle configurations from BD simulations were used to determine the activity coefficient empirically.
METHODS 2.1 Continuum Model and Simulation
The continuum model is derived from the continuum continuity equation, 
Brownian Dynamics Simulation
The activity coefficient in the previous expression is a function of the number and configuration of adsorbed particles. A Brownian dynamics simulator was used to simulate the adsorption of hard spheres and track the configurations of adsorbed particles over time. The Langevin equation [4] was used to update the position of each particle at each time step:
where i r is the position of particle i, t ' is the simulation time step, D is the diffusion coefficient, and 3 q g is a vector of random numbers drawn from a Gaussian distribution with a mean of zero and a variance of one. The simulation was implemented in Python with critical parts written in the C language as described in [5] . The configuration of adsorbed particles was saved every time a particle adsorbed on the surface.
Computing the Activity Coefficient
The activity coefficient was determined empirically from the particle configurations from the Brownian dynamics simulation. For a given configuration of adsorbed particles, a "test particle" was introduced at a distance from the surface h and the energy of interaction \ between the test particle and adsorbed particles was calculated [10] . The activity a at distance h can be calculated by averaging over many such insertions using the relation
For hard spheres, the activity coefficient was infinite if the test particle overlapped another particle, or zero if it did not. To avoid working with infinite quantities, the available volume function (AVF) was defined as 1 , ,
. The coefficients of the generalized diffusion equation were computed from the AVF.
Implementation of the Continuum Model
The general diffusion equation was discretized using the control volume formulation [7] in the region 2 0 d h . The classical diffusion equation was discretized in the region 2 ! h . The generalized diffusion equation was solved to determine the net flux at the interface:
C J is the flux at the continuum interface and S J is the flux at the surface. The net flux was used to solve the classical diffusion equation to obtain the number density at 2 h , which was used to solve the generalized diffusion equation again. This iterative process was repeated until the number density at 2 h converged. Figure 1 shows the available volume function computed from the results of Brownian dynamics simulations. This plot also shows that the AVF is a three-dimensional extension of the well-known available surface function from the RSA model [9] . Figures 2 and 3 show the values of the coefficients 1 k and 2 k derived from the available volume function shown in Figure 1 . Figure 4 compares the adsorption kinetics from the Brownian dynamics simulation and the continuum model for a volume fraction of 0.01. As the time step of the Brownian dynamic simulation was decreased, the kinetics converged to match the kinetics of the continuum model. 
RESULTS

DISCUSSION
The adsorption kinetics predicted by the continuum model matched the results from Brownian dynamics simulations of hardsphere adsorption when the simulation time step was sufficiently small. The Brownian dynamics simulations ran for several days and it was necessary to run multiple simulations and average the results, while the continuum model ran in less than a minute on a desktop PC. In this work, the continuum adsorption model was integrated with a simple CFD simulation. The continuum model could easily be coupled to a general CFD solver to predict the convective and diffusive transport of protein in a microfluidic device and model the adsorption of protein on its surfaces.
The continuum model and the Brownian dynamics simulations can easily be adapted to incorporate particles and surfaces with arbitrary potentials. These potentials can be used to model the electrostatic and van der Waals interactions that drive protein adsorption. Using this method, it should be possible to construct a CFD simulation that accurately predicts the adsorption of protein in a microfluidic device based on fundamental properties such as the charge on the protein and the surface.
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